T he mosquito Anopheles gambiae is the principal vector of malaria, a disease that kills over a million people each year. The development of effective tools for controlling vector populations is of paramount importance. Promising genetic control strategies are emerging, such as those based on the sterile insect technique (SIT) (1), or the use of selfish genetic elements to skew the sex ratios of natural populations (2) . Many of these measures rely on the ability to manipulate mosquito reproduction, a topic that remains poorly studied.
The explosive reproductive rate of A. gambiae females is an important determinant of their vectorial capacity. The entire reproductive output of a female is contingent on a single mating, which inhibits remating and is sufficient to acquire enough sperm to fertilize a lifetime supply of eggs. The inability to replace aged or depleted sperm means that females must possess a highly reliable mechanism for maintaining the viability of stored sperm. A successful copulation is also essential for ovulation and oviposition; although virgin females can produce mature eggs after blood feeding, they do not lay them until mating has occurred (3) . Also, mating may increase the competence of females to respond to blood feeding: when access to a blood meal is limited, females that have mated are more likely to produce eggs than are virgins (4) .
Studies on the molecular basis of the female response to mating in insects have so far been mainly limited to Drosophila melanogaster, where postcopulatory changes in gene expression are generally of small scale (Ͻ2-fold) (5) (6) (7) (8) . Across a number of microarray studies, only 1 functional class shows a consistently strong response to mating: immune genes, in particular antimicrobial peptides (AMPs), are highly induced (5) (6) (7) (8) (9) (10) . In the only other insect analyzed to date, the honey bee Apis mellifera, mating mainly causes transcriptional changes in genes associated with egg production in the ovaries (11) .
To identify factors and mechanisms essential for fertility in A. gambiae, we conducted an initial whole-genome microarray analysis of transcript levels comparing virgins with females at different time points after mating, followed by a detailed tissuespecific and temporal analysis of the expression of a large subset of genes by quantitative real-time PCR (qRT-PCR) and by ultrastructural examination of part of the female reproductive tract. Our analyses reveal that unlike Drosophila, A. gambiae females undergo prominent transcriptional changes after mating, and unveil a dedicated ''mating machinery'' in the reproductive tract, composed of molecular and structural factors that are switched off or profoundly altered after copulation. Combined with the identification of a number of genes potentially important to sperm storage and function, our results have implications for genetic vector control programs and provide targets for the development of new tools for combating malaria.
Results
Transcriptional Responses to Mating in Whole A. gambiae Females. To investigate changes in gene expression induced by mating in female mosquitoes, we compared transcript levels in virgin females with females at 2 h, 6 h, and 24 h after mating. We chose to examine female whole bodies at 3 widely spread time points to capture a comprehensive picture of the transcriptional response to mating. To focus on the genes that exhibited the largest responses to mating, and to reduce the risk of including falsepositives, we restricted our analysis to probesets that changed a minimum of 2-fold in mated females at least at 1 time point compared with virgins [ Fig. 1A ; supporting information (SI) Table S1 ]. These probesets were mapped to a total of 141 unique VectorBase gene predictions (http://agambiae.vectorbase.org). The majority of the mating-responsive genes could be assigned to 1 of 8 broad functional classes ( Fig. 1B ). Among the genes analyzed, 60% contained a secretory signal peptide or at least 1 transmembrane domain.
The number of genes differentially expressed in mated females increased with time. At 2 h postmating, only 14 genes exhibited Ͼ2-fold changes relative to virgins: 4 were up-regulated and 10 were down-regulated ( Fig. 1B ; Table S1 ). Intriguingly, 8 of the 10 down-regulated genes, most of which are involved in nucleic acid binding and cell cycle control, were shown to be upregulated in the ovaries in response to a blood meal (12) . A gene encoding a putative andropin-like AMP (AGAP009429, also found in the A. gambiae male accessory glands; see ref. 13 ) was ''switched on'' at this early time point, and remained highly expressed at 6 h (Table S1 ).
By 6 h postmating, the number of differentially expressed genes increased to 65, with 26 up-regulated and 39 downregulated genes (Fig. 1B) . The gene showing the largest response to mating, the Kunitz-type protease inhibitor AGAP009766, was switched on at this time point (Table S1 ). Several upregulated genes were involved in lipid transport, including the yolk protein precursor vitellogenin (AGAP004203) and cathepsin b (AGAP004534, thought to assist vitellogenin function in the ovaries; see ref. 14) . This result was unexpected, because vitellogenesis does not occur in nonbloodfed females and vitellogenin has not been posited to have a role outside of egg maturation in mosquitoes. Other up-regulated genes included a number of putative juvenile hormone (JH)-re-sponsive genes (AGAP003757, AGAP007946, AGAP005065, and AGAP000750). JH levels determine the competence of the ovaries and fat body to respond to blood feeding (15) . The up-regulation of JH-responsive genes is consistent with the hypothesis that JH produced by the male accessory glands is transferred to the female during mating (16) , and could also underlie the increased competence of mated females to produce mature eggs in response to a blood meal (4). The largest class of genes down-regulated at 6 h postmating comprised integral membrane transporters ( Fig. 1B ; Table S1 ), including the ATP-binding cassette (ABC) AGAP011518. ABC transporters transfer lipids, among other molecules, from inside cells across the plasma membrane to extracellular lipid transport proteins (17) .
By 24 h postmating, 40 genes exhibited Ͼ2-fold up-regulation and 39 an equivalent down-regulation ( Fig. 1B) . Many of the genes up-regulated at this time point were oxidoreductases, including peroxidase 4b (AGAP010810), which was switched on by mating. Two more genes were switched on, the zinc carboxypeptidase AGAP008373 and the fibrinogen AGAP012000 (Table S1 ). Strikingly, transcripts for 13 proteases were dramatically down-regulated (Table S1 ). Of these, 8 encoded secreted serine proteases (trypsins and chymotrypsins) and 5 belonged to classes typically associated with the processing of peptide hormones (18) , including a zinc metalloprotease (AGAP000885), a glutamyl aminopeptidase (AGAP003077), a dipeptidyl-peptidase (AGAP008176), and 2 neprilysins (AGAP001791 and AGAP009791). Two ABC transporters were also down-regulated at 24 h, AGAP011518, which was also down-regulated at 6 h, and AGAP001858 (Table S1 ). From previous work on D. melanogaster, we expected that mating would result in heightened expression of immune genes. Surprisingly, no gene with a demonstrated function in the mosquito immune system (19) was found to change Ͼ2-fold in response to mating. To confirm the array results, we tested 5 genes encoding AMPs (Gambicin, Defensin 1, Cecropin 1, Cecropin 2, and Cecropin 3) alongside 3 other immune genes [Thioester-containing protein 1 (TEP1), Leucine-rich immune protein 1 (LRIM1), and C-type lectin 4 (CTL4)] by qRT-PCR on whole females. In line with the array results, we found no consistent Ͼ2-fold increase in expression associated with mating in any of the genes tested ( Fig. S1 ).
Tissue-Specific Changes in Gene Expression.
The analysis of transcriptional levels in whole females revealed major changes after mating. To ascertain the tissue localization of these changes, we analyzed by qRT-PCR a total of 20 mating responsive genes in 5 different female tissues: the lower reproductive tract (LRT), the ovaries, the head, the gut, and the carcass (Fig. 2 ). Because few changes in gene expression were observed on the array at 2 h postmating, we restricted our analysis to comparisons between virgins and females at 6 h or 24 h postmating. Among these genes were 10 of the 13 proteases down-regulated at 24 h, 5 genes switched on by mating, and 3 lipid transport genes including vitellogenin and the ABC transporter AGAP011518. All 20 genes encoded proteins predicted to be secreted or localized to the plasma membrane.
The vast majority of genes (17/20) were found to be expressed predominantly or exclusively in a single tissue ( Fig. 2 ). Most were detected in the LRT and a conspicuous number, surprisingly, in the gut. The 3 remaining genes were detected in multiple tissues. No gene was primarily expressed in the head or the carcass, although some were detected at low levels in these tissues. Remarkably, none of the genes tested was expressed at detectable levels in the ovaries of virgin or mated females at any time point (Fig. 2) .
A. LRT Genes. A total of 14 genes were detected in the LRT, 11 expressed almost exclusively in this tissue (Fig. 2 ). They included 8 secreted proteases, 6 of which showed large, statistically significant decreases in expression at 24 h. AGAP000885, AGAP009791, AGAP005194, and AGAP005195 were expressed at high levels in the virgin LRT, whereas baseline expression levels of AGAP001791 and AGAP005196 were considerably lower. Another protease, AGAP003077, was also expressed in other tissues and did not show any significant response to mating (Fig. 2) . Also, 4 genes switched on (the andropin-like AGA P009429, the Kunitz-type protease inhibitor AGAP009766, and the peroxidase AGAP010810) or strongly induced (the gene of unknown function AGAP002620) by mating were found in the LRT (Fig. 2 ). AGAP009429 was also detected at low levels in the head, where it showed no response to mating. Among the lipid transport genes, the yolk protein vitellogenin (AGAP004203) was predominantly expressed in the LRT, where it was surprisingly up-regulated Ͼ200-fold at 6 h ( Fig. 2) . A low level of vitellogenin expression was also detected in the head and the carcass. The ABC transporter AGAP011518 was also expressed exclusively in this tissue, where it was significantly down-regulated at both 6 h and 24 h ( Fig. 2 ).
To gain further insight into the tissue-localization of these mating-responsive genes, we compared their levels of expression in the 2 principal organs of the LRT: the atrium [where the male seminal fluid is received in the form of a gelatinous ''mating plug'' (20) ] and the spermatheca (where sperm are stored) ( Fig.  2) . We found that most of the down-regulated proteases were expressed primarily in the atrium. Two exceptions were AGA P005196 (predominant in the spermatheca) and AGAP001791 (similar in both organs). Interestingly, the protease inhibitor AGAP009766, which is switched on at 6 h, was also strongly expressed in the atrium, suggesting a role in the inhibition of the atrial proteases. In contrast to the proteases, both lipid transport genes, vitellogenin and the ABC transporter, were expressed primarily in the spermatheca, and so was peroxidase 4b. The remaining genes switched on in the LRT were expressed either in the atrium (AGAP002620) or detected in both tissues (AGAP009429) (Fig. 2) .
B. Gut Genes. Among the 20 genes analyzed by qRT-PCR, 8 were detected in the gut, 6 of which were expressed primarily in this tissue (Fig. 2) . This result was unexpected, because the digestive apparatus has never been associated with mating-induced responses in insects. We observed strong up-regulation of the endopeptidase AGAP006385 at 6 h. This gene also exhibited a large increase in the LRT at the same time point. A second protease, AGAP004809, showed a significant down-regulation at 6 h. The remaining gut-enriched mating responsive genes were expressed at low levels and did not show any significant change after mating.
Mating Induces Permanent Changes in Females. We next investigated whether mating was inducing long-lasting transcriptional responses in females beyond the time points analyzed in our experiments. To this aim, we compared the expression of 10 genes, 7 that were strongly down-regulated and 3 that were highly up-regulated at 24 h after mating (Table S1; Fig. 2 ), in virgins and females 4 days postmating. Remarkably, many of the genes tested showed permanent regulation by mating ( Fig. S2 ). Among the genes expressed in the atrium, the proteases AGAP000885 and AGAP009791 remained strongly down-regulated, the protease AGAP005194 and the neprilysin AGAP001791 showed reduced expression, whereas only the protease AGAP005195 returned to virgin levels. Expression of AGAP002620 at 4-days postmating was variable, but in general remained up-regulated, as did the andropin-like AGAP009429. Two spermathecaspecific genes, the peroxidase b AGAP010810 and the ABC transporter AGAP011518, remained respectively up-regulated and repressed, whereas the serine proteases AGAP005196 returned to levels similar to those observed in virgins (Fig. S2 ).
The Ultrastructure of the Atrium Is Profoundly Altered by Mating. Our analyses showed that the majority of the transcriptional changes induced by mating occurred in the atrium. To determine whether these extensive transcriptional responses were mirrored by morphological changes, we used transmission electron microscopy (TEM) to compare the ultrastructure of the atrium in virgins and females 8 h after mating (Fig. 3) .
TEM analysis of the atrium of virgin females (with the exception of cells in a region of tight contact with embedding- The tissues tested were the whole head (head capsule and brain), the gut (midgut, hindgut, and rectum), the ovaries, the LRT (atrium, spermatheca, and parovarium), and the carcass (cuticle, muscle, and fat body). A schematic representation of the female reproductive tract is also provided, showing the atrium (yellow) and the spermatheca (brown). The ovaries and the parovarium are greyed as they were not analyzed further. In bold are genes that are primarily expressed in 1 tissue (at least 10-fold higher than in any other tissue, after correcting for control gene levels). For genes expressed in the LRT and gut, mean fold changes from 3 biological replicates are indicated (Fold change) and the time point showing the largest change (Time, h). The levels of expression of each gene in virgins (V) and at 6 h and 24 h, normalized against the control gene RpL19, are indicated by a color gradient (see bar). The last column in the LRT inset indicates whether a gene was expressed primarily in the atrium (A) or spermatheca (S). All changes are significant at the level of P Ͻ 0.05 unless otherwise indicated (ns). †, also down-regulated at 24 h (Ϫ3.9-fold); ‡, also up-regulated at 24 h (73.3-fold). resistant external structures; see Fig. 3A , thumbnail) showed highly polarized cells (Fig. 3Ai ) typical of class 1 insect epithelia (21) . Like most insect transporting epithelia (22) , the luminal surface of these cells was coated with a cuticle, which lacked any obvious channels or pores (Fig. 3Aii) . Strikingly, the apical (luminal) cytoplasm was filled with strongly developed irregular tubular and vesicular smooth endoplasmic reticulum (SER) (Fig.  3Aii) , containing heterogeneous material. High numbers of mitochondria surrounded the SER cisternae (Fig. 3Aiii) . The apical regions of some cells contained large storage organelles (or vacuoles) that did not appear to be actively secreting their granular contents (Fig. 3Ai) . Free polyribosomes were distributed throughout the cytoplasm. The basal poles of the cells lacked a well-developed basal labyrinth and were packed with rough endoplasmic reticulum (RER), indicating a high capacity of these cells for protein synthesis (Fig. 3Aiv) .
After mating, profound transformations were observed and most of the features that characterized virgin atrial cells were no longer identifiable. Remarkably, the extensive apical SER detected in virgins was mostly lost (Fig. 3Bi ), although in places we observed some membranous material, seemingly originated from SER fused with the cuticle (Fig. 3 Bii-Biii) . Mitochondria were no longer confined to the apical half of the cell but more evenly distributed, and the previously dense basal RER was greatly reduced (Fig. 3Bi) . Many of the epithelial cells were cuboidal (Fig. 3Bi) , possibly from distension caused by the presence of the mating plug or from cytoplasmic recession due to the loss of organelles.
Another hallmark of the mated atrium 8 h postcopulation was the appearance of several new features not detected in virgins. At the apical poles of some cells, we observed large electrondense vacuoles of uniform granular composition ( Fig. 3 Bi-Biii) that were continuous with the cuticle, suggesting a large scale transfer of material between the atrial lumen and the epithelial cells. Occasionally, we found electron-dense vacuoles of variable composition aggregated near the basal surface (Fig. 3Biv) . In regions where the mating plug was observed in direct contact with the epithelium, the exchange of material was so extensive that it was impossible to identify the boundary between the epithelium and the plug itself (Fig. 3Bv ). These cells often exhibited a strikingly dense apical accumulation of endosomes and lysosomes ( Fig. 3 Bv and Bvi) , accompanied by a comprehensive expansion of the basal labyrinth and lamina (Fig. 3Bvii) , suggestive of an active uptake of plug material by the atrial cells.
Discussion
The data reported here identify previously undescribed factors and mechanisms shaping the mating response of A. gambiae females. The combined results from the array, qRT-PCR, and TEM strongly indicate that the elements required for successful insemination are present in the atria of female A. gambiae before mating. This mating machinery consists of structural and molecular components including a highly developed SER and a number of highly expressed secreted proteases that are successively turned off or profoundly altered after mating. Several of these proteases are relatively nonspecific digestive enzymes, whereas others are normally associated with processing of neuropeptides. An intriguing hypothesis is that, on mating, the first class breaks down the mating plug (formed by the male seminal fluid) into its component parts, which are then processed by the second class. Existing data suggests that in A. gambiae such processing of the mating plug in the female atrium is necessary for triggering postmating responses, that are indeed not elicited when delivery of male seminal fluids bypasses the mating machinery (3).
Extensive SER and large numbers of mitochondria are generally associated with production and secretion of lipids. However, in our TEM analysis, the lipid droplets and/or glycogen deposits that usually accompany these organelles were conspicuously absent from the virgin atrium. These observations point to a role of the SER in the storage and secretion of proteins, similar to the secretory mammalian epididymis (23, 24) . Interestingly, the disappearance of the SER after mating combined with the parallel permanent down-regulation of most of the proteases suggests that the former is involved in the synthesis and secretion of the latter. Preliminary TEM analyses carried out at 24 h indicate that the SER is not reformed at later time points after mating (data not shown). The loss of the mating machinery may represent a physiological barrier against remating, making mated females simply not competent for subsequent insemination. This ob- servation would have important implications for genetic vector control strategies such as SIT, because the evolution of polyandry would likely hamper their success (25) . The lack of multiple mating in mosquitoes might also explain the absence of a mating-induced immune response in our study, because immune responses associated with protection against sexually transmitted diseases, cryptic female choice, and sperm competition (26) are not likely in monandrous species.
Although the virgin atrium is clearly ready to respond to insemination, the spermatheca seems to rely on the matinginduced regulation of a number of genes for sperm storage and function. One gene that exhibited a massive response to mating in the spermatheca is vitellogenin. Interestingly, yolk proteins have also been found in the spermatheca of D. melanogaster (27) . Because this protein transports lipids from the fat body to the ovaries during vitellogenesis, and the spermatheca is surrounded by fat body, it is possible that vitellogenin transports lipids into the spermathecal capsule to provision sperm (28) . Also, the down-regulation of 2 ABC transporters (AGAP001858 and AGAP011518, the second being expressed primarily in the spermatheca) could help to regulate the lipid reserves required for sperm storage. Additionally or alternatively, vitellogenin might help ''prepare'' the spermatheca for long-term sperm storage by acting as a powerful antioxidant removing spermdamaging free radicals (29) . The parallel activation of the peroxidase AGAP010810 (as well as other oxidoreductases; see Table S1 ) observed mostly by 24 h may be associated with the acquisition of sperm motility, which is strongly regulated by lipid peroxidation of sperm membranes (30) . Intriguingly, in A. gambiae sperm are immotile when transferred to the female until at least 17 h after mating (31) . Therefore, our analysis unveils possible mechanisms for sperm storage, nutrition, and activation, which deserves further investigation.
We were surprised to find that some mating responsive genes were expressed primarily or exclusively in the gut, because this tissue has traditionally been overlooked in studies of insect mating. However, the gut is an important endocrine tissue, releasing peptides similar to the gut-brain hormones of vertebrates that are crucial modulators of reproductive physiology (32) . It will be interesting to determine whether the endocrine cells of the gut respond to copulation. However, we observed no transcriptional response to mating in the ovaries, contrary to data from A. mellifera and, to a minor extent, D. melanogaster (7, 11) . The observed difference may rely on the fact that, whereas in both A. mellifera and D. melanogaster egg maturation is mostly mating-dependent, oogenesis in A. gambiae additionally requires blood feeding.
Importantly, our data reveal that failure to control the mating status of females in gene expression experiments could affect the interpretation of the results obtained. For example, some mating-responsive genes down-regulated at 24 h were previously found to be repressed in response to blood feeding (12) . How-ever, for most of these genes, we were unable to confirm any significant effect of blood feeding on their expression in virgin females (Fig. S3 ). Because the mating status of females used in the previous study was unknown, it is possible that the observed changes in these particular genes were caused by copulation and not by blood feeding.
The results reported here reinforce the notion that mating profoundly affects the biology and physiology of female Anopheles mosquitoes, and strongly contribute to an improved understanding of the factors and mechanisms shaping reproductive success in these important malaria vectors, providing powerful new targets for the manipulation of their fertility at the population level.
Materials and Methods
Mosquito Procedures. A. gambiae mosquitoes from a laboratory colony of the G3 strain were separated by sex as pupae to ensure their status as virgins. Experimental matings were carried out as described in the SI Experimental Procedures. In all experiments, virgin females were raised under identical conditions, and dissected at the same age, as mated females.
Microarray Analysis. Total RNA was extracted from 15 females for 3 biological replicates at each time point (virgins, 2 h, 6 h, and 24 h), and then processed, labeled, and hybridized to Affymetrix GeneChip Plasmodium/Anopheles genome arrays by using standard protocols. Data analysis was carried out by using Rosetta Resolver 7.1 (Rosetta Biosoftware). Full details of the analysis are provided in the SI Experimental Procedures.
Quantitative RT-PCRs. In all analyses, genes were considered to be expressed in a particular tissue if the highest level of expression (at any time point) was Ͼ2% the level of expression of the ribosomal RpL19 control gene. SYBR green-based detection was used to quantify the expression of all genes, except immune genes, which were analyzed by using TaqMan gene expression assays (primers and probes are listed in Tables S2 and S3 ). Full details of these methods are provided in the SI Experimental Procedures. Data were analyzed by using one-tailed Student's t tests for changes in the direction indicated by the microarray data (unless otherwise specified).
TEM. Atria were dissected from virgins and mated females in 0.1 M phosphate buffer pH 7.2 at 8 h after mating, and fixed overnight with 2.5% glutaraldehyde. Samples were postfixed in 1% osmium tetroxide in phosphate buffer, rinsed, dehydrated through a graded ethanol series, and embedded by using 4 changes of araldite resin. After screening toluidine blue stained semithin sections, several ultrathin sections per sample were transferred to copper grids, stained with uranyl acetate, observed at 60 kV on a Hitachi 7500 transmission electron microscope.
